Aeromonas hydrophila 4AK4 produces poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) containing 3-hydroxybutyrate (3HB) and about 15 mol% 3-hydroxyhexanoate (3HHx) from dodecanoate. To study the factors affecting the monomer composition and PHBHHx content, genes encoding phasin (phaP), PHA synthase (phaC) and (R)-specific enoyl-CoA hydratase (phaJ) from Aeromonas punctata (formerly named Aeromonas caviae) were introduced individually or jointly into A. hydrophila 4AK4. The phaC gene increased 3HHx fraction more significantly than phaP, while phaJ had little effect. Expression of phaC alone increased the 3HHx fraction from 14 to 22 mol%. When phaC was co-expressed with phaP and phaJ, the 3HHx fraction increased from 14 to 34 mol%. Expression of phaP or phaC alone or with another gene enhanced PHBHHx content up to 64%, cell dry weight (CDW) as much as 4.4 g L À1 and PHBHHx concentration to 2.7 g L À1 after 48 h in shake flask culture. The results suggest that a higher PHA synthase activity could lead to a higher 3HHx fraction and PHBHHx content. Co-expression of phaJ with phaC or phaP would favor PHA accumulation, although over-expression of phaJ did not affect PHA synthesis much. In addition, inhibition of b-oxidation by acrylate in A. hydrophila 4AK4 enhanced PHBHHx content. However, no monomers longer than 3HHx were detected. The results show that genetic modification of A. hydrophila 4AK4 enhanced PHBHHx production and altered monomer composition of the polymer.
Introduction
Polyhydroxyalkanoates (PHAs) are polyesters produced by a wide variety of bacteria as carbon and energy storage material under unbalanced growth conditions. Over the last decade, they have attracted academic and industrial attention because of their potential use as biodegradable thermoplastics [1] . Bacterial PHA can be divided into two groups depending on the number of carbon atoms in the monomeric units: short-chain-length (SCL) and medium-chainlength (MCL) PHA [2] . Industrial scale production of three types of PHA have been reported, namely, poly-3-hydroxybutyrate (PHB) [3] , the copolyester of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) (PHBV) [4] , and the copolyester of 3-hydroxyhexanoate (3HHx) and 3HB (PHBHHx) [5] . The latter was found to have better biocompatibility and physical properties, such as enhanced flexibility and improved impact strength [6] , than either PHB or polylactic acid (PLA) [7] .
Many bacteria can synthesize PHB, however, only a few produce PHBHHx. Among the latter, Aeromonas hydrophila 4AK4 [5, 8] and Aeromonas punctata (formerly known as Aeromonas caviae) [6] are the beststudied strains. Molecular studies have demonstrated that phasin (PhaP), PHA synthase (PhaC) and (R)-specific enoyl-CoA hydratase (PhaJ) of A. hydrophila 4AK4 were very similar to the A. punctata proteins, possessing 100%, 98%, and 97% homology, respectively [9, 10] . This suggested that A. hydrophila 4AK4 and A. punctata have similar PHBHHx biosynthesis pathways.
Aeromonas hydrophila 4AK4 produced PHBHHx containing 12-18 mol% 3HHx. This strain could not produce PHBHHx with 3HHx fraction below 10 mol% or above 20 mol% regardless of growth conditions [8, 22] . However, PHBHHx containing different 3HHx fractions has different properties which could support various applications [11] . It was also found that variations in the 3HHx fraction conferred different biocompatibilities on PHBHHx useful for tissue engineering [12] . Therefore, it is desirable to produce PHBHHx with a wider range of alterable monomer composition. Recently, a recombinant A. hydrophila 4AK4 was constructed that produced PHBHHx containing 3-12 mol% 3HHx using various ratios of gluconate and dodecanoate as substrates [13] . Other recombinant strains have been constructed that produced PHBHHx with alterable 3HHx fraction. Fukui et al. [14] reported that a transconjugant of A. punctata harboring additional copies of phaPCJ genes accumulated PHBHHx with much higher 3HHx fraction (46-63 mol%) from fatty acids or olive oil. However, the mechanism remains unclear. The effects of phaP or phaJ alone on monomers composition were not studied by the group.
Properties such as the robust growth, simple growth requirements and convenience for genetic engineering make A. hydrophila 4AK4 very useful for the production of PHBHHx [5, 8, 13] . However, it is not clear how phaP, phaC and phaJ affect PHBHHx accumulation and monomer composition in this strain. In order to clarify these effects and the mechanism behind, also as a preparation for industrial exploitation, in this paper, recombinant strains of A. hydrophila 4AK4 with enhanced PHBHHx synthesis ability were constructed and used to produce PHBHHx with variable 3HHx monomer fractions. Additionally, the effect of acrylate, a bketothiolase (FadA) inhibitor, on PHBHHx synthesis was also studied.
Materials and methods

Bacterial strains
Aeromonas hydrophila strain 4AK4 (Laboratory collection, referred to [5, 8] ) was used for PHBHHx production. Escherichia coli JM109 was used for PHBHHx production or plasmid construction and E. coli S17-1 (recA; harbors the tra genes of plasmid RP4 in the chromosome; proA, thi-1) [15] was used as a vector donor in conjugation. A. hydrophila 4AK4 and E. coli were grown in Luria-Bertani (LB) medium or on LB agar plates at 30°C and 37°C, respectively. Kanamycin (50 mg L À1 ) or ampicillin (60 mg L À1 ) was added when needed.
Plasmids construction
All plasmids used in this study are listed in Table 1 . Recombinant plasmid pEE32 contained phaP, phaC and phaJ of A. punctata [10] . Plasmid pTG04 was a derivative of pEE32 that self-ligated after digestion by NcoI, resulting in a large deletion in phaC. All other plasmids were derived from pBBR1MCS-2 [16] by inserting a DNA fragment of pEE32 or pTG04 as shown in Fig. 1 . The large EcoRI fragment of pEE32 and small EcoRI fragment of pTG04 were inserted into the same site of pBBR1MCS-2 to obtain pQHAc07 or pQHAc08 and pQHAc17 or pQHAc18, respectively, depending on the orientation of inserts. The inserts used to construct other plasmids were obtained by PCR using pEE32 or pTG04 as templates. Plasmid pQHAc06 was constructed by inserting a PCR-amplified DNA fragment including phaP into pQHAc03. All DNA manipulations including restriction digestion, ligation, and agarose gel electrophoresis were carried out using standard procedures [17] . The recombinant plasmids were first introduced into E. coli S17-1 by electroporation, then transconjugation of A. hydrophila 4AK4 and E. coli S17-1 harboring recombinant plasmids were carried out as described by Friedrich et al. [18] .
Culture conditions
Recombinant A. hydrophila 4AK4 strains were first cultivated in LB medium overnight and then transferred into mineral salt (MS) medium (pH 7.2) supplemented with 1 g L À1 yeast extract and containing 8 g L À1 dodecanoate as carbon source. When sodium acrylate was used, the cells were cultured in MS medium containing 4 g L À1 dodecanoate and 1 g L À1 nutrition broth (NB), and 0.25-0.75 mM sodium acrylate was added after 8 hours cultivation. The cells were cultured at 30°C for 48 h on a rotating shaker at 200 rpm (NBS, Series 25D, New Brunswick, USA). The MS medium contained 9.0 g L À1 Na 2 HPO 4 AE
H 2 O, and 1% (vol/vol) trace element solution. The composition of trace element solution has been described [13] . For maintenance of plasmids in A. hydrophila 4AK4, 50 mg L À1 kanamycin was added to culture medium.
For recombinant E. coli, an overnight culture was used to inoculate MS medium containing 4 g L À1 dodecanoate, 1 g L À1 yeast extract and 60 mg L À1 ampicillin, and grown at 37°C for 72 h.
Analysis of PHBHHx
Cells were harvested by centrifugation. Cellular PHA content and its monomer composition were analyzed by Fig. 1 . Construction of plasmids pQHAc07 and pQHAc17. Plasmids were constructed by inserting the large EcoRI fragment of pEE32 (comprising phaP, phaC and phaJ genes from A. punctata) and the small EcoRI fragment of pTG04 (comprising phaP, negative mutant phaC 0 and phaJ from A. punctata) into the EcoRI site of pBBR1MCS-2, respectively. gas chromatography (GC) after methanolysis of lyophilized cells in chloroform [19] . GC analysis was carried out using a Hewlett-Packard 6890 equipped with 30 m HP-5 capillary column.
Results
PHBHHx synthesized by various recombinant A. hydrophila 4AK4 strains harboring heterogenous genes
To study the factors affecting PHBHHx content and its monomer fraction in A. hydrophila 4AK4, DNA fragments containing phaP, phaC, phaJ, phaPC, phaCJ and phaJP from A. punctata were inserted into pBBR1MCS-2. The resulting recombinant plasmids were introduced into A. hydrophila 4AK4. The PHBHHx produced by these recombinant strains is shown in Table 2 . Expression of phaC had a significant effect on PHBHHx monomer composition. By introducing phaC, phaPC or phaCJ, 3HHx fraction increased from the control value of 14 mol% to as much as 23 mol%. However, 3HHx fraction only increased from 14 to 18 mol% by introducing phaP alone. Expression of phaJ had little effect on 3HHx fraction. Expression of phaP or phaC alone or with another gene generally enhanced PHBHHx synthesis, where PHBHHx content, CDW and PHBHHx concentration were elevated up to 64%, 4.4 and 2.7 g L À1 , respectively, compared with 52%, 3.5 and 1.8 g L À1 in wild type strain. However, PHBHHx synthesis was not enhanced by introducing phaJ alone.
Comparison of PHBHHx synthesized in recombinant strains harboring phaC or mutant phaC
To further characterize the effect of additional phaC on PHBHHx synthesis, DNA fragments of phaPCJ with or without its native pha promoter were cloned into pBBR1MCS-2, resulting in pQHAc07 (lac and pha promoter), pQHAc08 (pha promoter) and pQHAc09 (lac promoter), and their corresponding plasmids (pQHAc17, pQHAc18 and pQHAc19, respectively) containing mutant phaC (phaC 0 ) were also constructed. The deletion of a 920 bp NcoI fragment from phaC resulted in the loss of ability to synthesize PHA in phaC 0 . As shown in Table 3 , E. coli JM109 harboring phaC (in pEE32) yielded 8% PHBHHx, whereas no PHBHHx was detected in E. coli JM109 harboring phaC 0 (in pTG04). The results of PHBHHx synthesis in recombinant A. hydrophila 4AK4 strains harboring phaC or phaC 0 are shown in Table 3 . Introduction of intact phaC significantly increased 3HHx fraction 1.8-2.4-fold versus the wild type strain, whereas the mutant phaC 0 only slightly increased the 3HHx fraction. When the heterogenous phaC gene was under the control of its native pha promoter, the 3HHx fraction increased by as much as 34 mol%. In all these recombinant strains, PHBHHx content, cell dry weight (CDW) and PHBHHx concentration were elevated, independent of intact or mutant phaC gene.
The effect of acrylate on PHBHHx synthesized in A. hydrophila 4AK4
Acrylate, an inhibitor of b-ketothiolase, has been used to direct intermediates of fatty acid b-oxidation to PHA biosynthesis in non-PHA producing E. coli [20] . Ralstonia eutropha was able to synthesize PHA with a low 3HHx fraction in the presence of acrylate [21] . In A. hydrophila 4AK4 grown on dodecanoate, addition of acrylate resulted in a higher PHBHHx content, which was elevated from 42% up to 58% (Table 4 ). The 3HHx fraction was slightly reduced when the concentration of acrylate was increased. However, no monomers longer than 3HHx were detected. Cell growth was significantly inhibited by acrylate.
Discussion
In A. hydrophila 4AK4, the pha operon including phaP, phaC and phaJ functions to synthesize PHBHHx from dodecanoate, similar to A. punctata [9, 10] . Elucidating the factors affecting PHBHHx content and its monomer composition would facilitate the industrial development of this strain. In this study, the effects of phaP, phaC and phaJ from A. punctata on PHBHHx synthesis in A. hydrophila 4AK4 were investigated. The reason for using the phaP, phaC and phaJ from A. punctata instead of A. hydrophila is that the three genes in A. hydrophila showed high similarity to the corresponding genes in A. punctata [9, 10] .
Among the three genes, phaC had the most significant effect on PHBHHx monomer composition. The observed increase in the 3HHx fraction might be due to a higher PHA synthase activity due to the additional copy of phaC. The observation that a higher 3HHx fraction in PHBHHx is promoted by increased PHA synthase activity has also been reported by other researchers [14] . We hypothesize this is due to the mechanism illustrated in Fig. 2 . After three cycles of b-oxidation, a fatty acid (dodecanoate) is shortened from twelve carbon atoms (C12) to six carbon atoms (C6) in length. By the action of PhaJ, hexenoyl-CoA (a C6 intermediate) is converted to (R)-3-hydroxyhexanoyl-CoA (3HHx-CoA) and presented to PHA synthase before it is degraded to shorter C4 intermediates. In recombinant strains, the higher PHA synthase activity will accelerate polymerization of 3HHx-CoA, resulting in lower 3HHx-CoA concentration. Then PhaJ pulls more proportion of C6 intermediates to 3HHx-CoA due to weakened feedback inhibition. Since a higher proportion of C6 intermediates from b-oxidation pathway are used in PHBHHx synthesis, carbon flux to C4 intermediates is reduced, thereby diminishing 3HB-CoA production. Although higher PHA synthase activity may also increase polymerization of 3HB-CoA in PHBHHx synthesis, the reduced flux to C4 intermediates precludes an increase in the 3HB fraction. This mechanism is further supported by the fact that recombinants harboring phaC produced a higher 3HHx fraction than those harboring phaC 0 (Table 3) . Since more carbon fluxes from b-oxidation are used for PHBHHx synthesis, accumulation of this product is enhanced.
Phasin is a PHA granule-associated protein [14, 22, 23] . Recombinant E. coli expressing phaP from Rodococcus rubber have more PHA granules, although these are smaller in size [23] [24] [25] . In this study, we found that over-expression of phaP slightly increased the 3HHx fraction and PHBHHx content. PhaP may increase the 3HHx fraction and PHA content through Table 3 Comparison of PHBHHx synthesis in recombinant strains harboring intact phaC gene or mutant phaC gene
E. coli JM109 (pEE32) PhaC, which can affect the 3HHx fraction and PHA content as mentioned above. The PhaP-induced increase in PHA synthase activity had been reported in A. punctata [14] . PhaP may also aid the polymerization process. PhaP is proposed to be an amphiphilic protein whose hydrophobic domains are attached to PHA granules and hydrophilic domains are exposed to cytoplasm [22] . During synthesis, hydrophobic interactions between PhaP and growing PHA chains on the synthase might promote the formation of inclusion bodies, in turn accelerating the polymerization process catalyzed by PhaC. A faster polymerization rate would increase the 3HHx fraction and PHA content as mentioned above. Further studies are needed to clarify the effect of PhaP on 3HHx fraction and PHA content in recombinant A. hydrophila. Over-expression of phaJ alone did not have much effect on the 3HHx fraction. This result was consistent with a previous study using A. punctata [14] . The hydration step catalyzed by PhaJ was not considered a ratelimiting step in PHBHHx synthesis [14] . As shown in Table 2 , over-expression of phaJ alone did not increase the PHBHHx content. It is interesting to note that in recombinants A. hydrophila 4AK4 (pQHAc02) and 4AK4 (pQHAc05) or 4AK4 (pQHAc01) and 4AK4 (pQHAc06), the PHBHHx content increased when phaJ was co-expressed with phaP or phaC genes. This was also observed in recombinant A. hydrophila 4AK4 strains harboring phaPC 0 J, in which the PHBHHx content also increased, although phaC 0 was inactivated (Table 3). As noted above, over-expression of phaC resulted in higher PHA synthase activity and faster polymerization of 3HHx-CoA and 3HB-CoA, which would make supply of 3HHx-CoA and 3HB-CoA (the hydration step catalyzed by PhaJ) a rate-limiting step in recombinant strains, although it was not in the wild type strain. So co-expression of phaJ with phaC would enhance both the hydration step and polymerization step, resulting in higher PHBHHx content. This assumption may also explain the higher PHBHHx content when phaJ was co-expressed with phaP. Since over-expression of phaP might enhance PHA synthase activity and/or assist the polymerization process noted above, co-expression of phaJ would increase supply of 3HHx-CoA and 3HB-CoA, resulting in the enhancement of both the hydration and polymerization steps. Although PhaJ was not rate-limiting in PHBHHx synthesis, co-expression of phaJ with phaP or phaC may be necessary to favor PHBHHx accumulation.
A previous report found that the lac promoter acted constitutively in A. hydrophila 4AK4 [13] . In this study, we compared the lac and pha promoters. When phaPCJ genes were under the control of native pha promoter, the highest 3HHx fraction was observed. Therefore, in A. hydrophila the native pha promoter better expresses heterogenous genes than the lac promoter.
It seems that expression of heterogenous genes does not inhibit cell growth of A. hydrophila 4AK4. Except for the phaJ gene, expression of genes individually or jointly leads to both higher PHA content and higher CDW, resulting in significantly increased PHA concentration. Thus, A. hydrophila 4AK4 is a good microorganism for further genetic modification to enhance PHA production.
Inhibition of FadA activity by acrylate will allow intermediates of b-oxidation to accumulate, which can be channeled to PHA biosynthesis in E. coli [20] . Acrylate also led to the incorporation of monomers of longer chain length into PHA in R. eutropha [21] . In this study, we found that acrylate enhanced PHBHHx accumulation, probably due to a decrease in b-oxidation. However, no monomers longer than 3HHx were detected, which suggested that the substrate specificity of PHA synthase in A. hydrophila 4AK4 was restricted to monomers of C4 and C6.
